The mineral magnetite (Fe 3 O 4 ) undergoes a complex structural distortion and becomes electrically insulating at temperatures less than 125 kelvin. Verwey proposed in 1939 that this transition is driven by a charge ordering of Fe 21 and Fe 31 ions 1 , but the ground state of the low-temperature phase has remained contentious 2, 3 because twinning of crystal domains hampers diffraction studies of the structure 4 . Recent powder diffraction refinements 5-7 and resonant X-ray studies [8] [9] [10] [11] [12] have led to proposals of a variety of charge-ordered and bond-dimerized ground-state models [13] [14] [15] [16] [17] [18] [19] . Here we report the full low-temperature superstructure of magnetite, determined by high-energy X-ray diffraction from an almost singledomain, 40-micrometre grain, and identify the emergent order. The acentric structure is described by a superposition of 168 atomic displacement waves (frozen phonon modes), all with amplitudes of less than 0.24 ångströms. Distortions of the FeO 6 octahedra show that Verwey's hypothesis is correct to a first approximation and that the charge and Fe 21 orbital order are consistent with a recent prediction 17 . However, anomalous shortening of some Fe-Fe distances suggests that the localized electrons are distributed over linear three-Fe-site units, which we call 'trimerons'. The charge order and three-site distortions induce substantial off-centre atomic displacements and couple the resulting large electrical polarization to the magnetization. Trimerons may be important quasiparticles in magnetite above the Verwey transition and in other transition metal oxides.
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The cubic spinel type structure of magnetite distorts to a monoclinic superstructure with Cc space group symmetry below the T V < 125 K Verwey transition 4, 20 . Cc domains 21 ,1 mm in size are formed in up to 24 orientations within magnetite crystals, and microtwinning of these domains severely hampers diffraction studies. We have investigated the use of small magnetite grains as potential single-domain crystals for high-energy X-ray structure analysis (Fig. 1 ). In the smallest and least-twinned grain of many that we investigated, 89% of the scattering was from a single orientation and 11% was from a secondary domain (Fig. 1a) . The Cc crystal structure was determined using 91,433 symmetry-unique Bragg reflections from this 40-mm grain (see Methods Summary and Supplementary Information for details of the structure and derived quantities used below). No further superstructure or lowering of space group symmetry below Cc was evident in the diffraction data.
The low-temperature Cc crystal structure of magnetite has 168 variable (x, y, z) atomic coordinates, of which 166 are independent and two are constrained to fix the cell origin. The coordinates are equivalently described by the same number of amplitudes of frozen displacement waves (phonons), all with values q , 0.24 Å , as shown graphically in Fig. 2 . Only one of these (an O-site C-mode) is present in the hightemperature cubic structure and the remainder all freeze at the Verwey transition. The three largest-amplitude modes have D 5 symmetry and are acentric, heralding the large off-centre structural distortions described later, but the smoothly varying distribution of amplitudes shows that many centric and acentric D, X and W modes contribute significantly. Hence, the superstructure is not approximated well by a few frozen phonons, and even attempts to describe the important features with up to 100 lattice modes were unsuccessful.
Magnetite has an AB 2 O 4 spinel structure in which Fe 31 occupies the tetrahedrally coordinated A cation sites, and a 1:1 order of Fe 21 and Fe 31 is expected over the 16 inequivalent octahedral B sites of the Cc superstructure in the Verwey hypothesis. Each B-site FeO 6 octahedron has an irregular distortion from which the amplitudes of radial expansion (breathing) local modes (Q Rad ) and tetragonal Jahn-Teller (Q JT ) local modes were extracted because these are sensitive to chargeordering and associated orbital-ordering displacements. For Q JT we find a bimodal Verwey-type distribution (Fig. 3a) (Fig. 3b) 
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Chains of alternating short and long B-B distances are predicted in bond-dimerized models 13, 16, 19 , but are not observed in our structure. Instead, the two B-B distances perpendicular to the local orbitalordering axis at each of the eight Fe 21 positions both tend to be shortened: this is the case for 14 of these 16 distances (Fig. 3b, hatched) . This suggests that minority-spin t 2g electron density is significantly delocalized from an Fe 21 donor onto two adjacent B-site acceptors, which are usually Fe 31 sites. This single charge, delocalized over three B sites with associated displacements of the two acceptor B sites and surrounding oxygen atoms (Fig. 4c) , corresponds to a highly structured small polaron that may be described as a 'trimeron', by analogy with dimeron quasiparticles in La 12x Ca (Fig. 4d , circled) accepts into a t 2g orbital that is orthogonal to its own trimeron. Trimeron distortions are intrinsically symmetric (having D BB 5 2.832 and 2.848 Å in the most regular environment of the Cc structure, where D BB 5 2.967 Å on average), but asymmetric connectivity leads to offcentre distortions and long B-B bonds in 2 of 16 cases.
The linear three-site (trimeron) distortions (Fig. 4d ) significantly perturb charge order in the Cc magnetite structure and couple the magnetism to the complex overall distortion. Only two B ions are available per minority-spin electron, so trimeron units are constrained to share sites. End-sharing connections with angles of 60u, 120u and 180u are possible, but 180u linkages are apparently avoided to maximize charge transfer because two or three different t 2g orbitals are used by an Fe 31 ion participating in two or three trimerons. This is analogous to the formation of two or three short cis-bonds in some d 0 transition metal oxides and oxynitrides 26 , and creates off-centre Fe 31 displacements that contribute strongly to the acentric lattice modes and electric polarization. High connectivity seems favourable because four of the eight (Fig. 4a, b) but their three-site distortions are always within other chains.
The linear three-site distortions we attribute to trimerons also account for the non-Verwey distribution of radial amplitudes (Q Rad ) and BVS values for the B-site FeO 6 octahedra (Fig. 3a) . Each Fe 21 ion donates minority-spin t 2g electron density to two B-site acceptors within a trimeron (Fig. 4c) (Fig. 3a) . The other six Fe 31 sites are acceptors for one to three trimerons and thus have a spread of higher Q Rad values and lower valences with BVS < 2.6-2.8. Charge transfer within trimerons tends to equalize the electron density across B sites: in the limit of maximum donor-to-acceptor transfers (of 0.2e, where e is the electron charge), an Fe 31 ion participating in three trimerons has the same formal charge, 12.4e, as the Fe 21 donor sites. However, the two states are still distinguished by their minority-spin t 2g distributions, as the former site has populations d xy . This justifies the use of formal valence states to describe charge-ordered structures even when the apparent charge separations are small, as here in magnetite.
The discovery of multiferroism in charge-ordered LuFe 2 O 4 (ref. 27 ) has led to recent interest in the coupling of magnetism and the ferroelectric polarization expected in the acentric Cc magnetite superstructure 16, 17 . Measured electric polarization values of P < 0.05 C m (Fig. 4a) contributing only 16% of the total. The large P c component, parallel to the magnetic easy axis, shows that a substantial magnetoelectric coupling is expected in single magnetite domains.
Lattice effects in the cubic phase of magnetite are indicated by diffuse scattering above the Verwey transition 12,28 and a continuous increase in the electrical conductivity up to a maximum at ,3T V . Hence, trimeron fluctuations may be important quasiparticles in the ) and shorten the FeFe distances. The minority-spin electron density is approximated by a scalene ellipsoid encompassing the three Fe sites. Other B-site Fe 21 This investigation shows that single domains of the Verwey phase may be accessible in ,10-50-mm grains for future low-temperature studies of magnetite. Self-organization of the charge and orbital states couples the spin order of this eponymous magnetic material to the complex Verwey distortion. Trimerons may be important quasiparticles above the Verwey transition and may also be relevant to other transition metal oxides such as superconducting LiTi 2 O 4 spinel. Finally, we note that a full ab initio simulation of the low-temperature magnetite structure starting from calculations on the cubic state presents a future challenge to improve understanding of the Verwey phase, now that the experimental structure has been determined.
METHODS SUMMARY
Grains from a highly stoichiometric powder used in previous studies 5, 6, 8 were placed in a 100-mm, focused monochromatic beam (wavelength, 0.16653(1) Å ; estimated standard deviation shown in parenthesis) on the ID11 diffractometer at ESRF, Grenoble. Multiple scattering and extinction problems were reduced by using small crystallites and a high X-ray energy (74 keV), which also gave access to an abundance of diffraction peaks at very high momentum transfer and reduced absorption effects. Crystals were aligned and de-twinned using a permanent magnet (producing a field of approximately 0.1 T at the sample), and were verified as being cubic single domains at 130 K before cooling through the Verwey transition to 90 K.
The grain used for structure determination was approximately spherical with diameter ,40 mm. We used v-scans with varying exposure times to increase the dynamic range of the data from the charge-coupled-device detector (Frelon2K camera) and these were performed at azimuthal angles w and w 1 180u to improve data redundancy and test for multiple scattering. Reciprocal lattice sections (Fig. 1a) were reconstructed using local software. Small-box integrations were used to identify the orientation of the two observed domains, and large-box integration was performed to encompass intensity from both domains and allow structure refinement as a pseudo-merohedral twin.
Two thousand starting models were generated by applying random atomic displacements to the high-temperature structure and were optimized by leastsquares refinement. A global minimum at residual R[F 2 . 4s] 5 4.99% (where F and s are the observed magnitude and standard deviation of a structure factor) was observed most frequently (292 times), in addition to local refinement minima (R[ 
